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Characterization of Thin Film Microstrip
Lines on Polyimide

George E. Ponchalsenior Member, IEEEand Alan N. Downey

Abstract—This paper presents an in depth characterization of
thin film microstrip (TFMS) lines fabricated on Dupont PI-2611 "7W "( _i_
polyimide. Measured attenuation and effective dielectric constant J_—j_
is presented for TFMS lines with thicknesses from 2.45-7.4m w'de

and line widths from 5-34.4 um over the frequency range of
1-110 GHz. The attenuation is separated into conductor and
dielectric losses to determine the loss tangent of Dupont PI-2611 .
polyimide over the microwave frequency range. In addition, the (Si)
measured characteristics are compared to closed form equations
for o and e from the literature. Based on the comparisons, Fig 1. Schematic of thin film microstrip (TFMS).
recommendations for the best closed form design equations for

TFEMS are made.

carrier
substrate

(MMIC) processing steps, low cost, and ease of use. These
materials have relative dielectric constants of approximately
3, 3, and 5, respectively, compared to 9.9, 11.9, and 12.85
for Alumina, Si, and GaAs, respectively. In addition, since
I. INTRODUCTION TFMS is often used for multilayer interconnects and miniature

IRELESS communications, personal communication¥!MIC’s that require planar surfaces for lithography steps, the
direct broadcast television, local multipoint distributiorinetal thickness of the strip;, and the ground plane must
systems (LMDS), automatic highway toll systems, and mamg small. Typically,t < 1.5 um which is less than half the
other rap|d|y growing industries are re|ying on small, low Cosﬁlated line thickness used for conventional minOStrip circuits.
RF and microwave components. This has led to the increadastly, the line width,I¥; required for the standard range of
use of multichip modules (MCM’s) that incorporate analog anharacteristic impedances is between 5 and:86
digital circuits within a single package. Although conventional The small dimensions which describe TFMS offer several
microwave transmission lines and control lines on ceram@élvantages to the microwave circuit designer: the thin sub-
substrates with wirebonds can be used in the MCM's, this dogléate is easily etched to form very small via holes; the small
not lead to either low cost or smaller components. In additiolile widths lead to denser circuits; and the use of ground planes
the parasitic reactances associated with conventional traR§tween dielectric layers permit novel circuit layouts that
mission lines and wire bonds Severe|y limits the bandwidminimize circuit size. In addition, the low relative dielectric
of the circuits. Instead, a preferred approach is to integré@nstant results in a higher propagation velocity which is
all of the circuits together onto a single carrier using thiRecessary for high speed digital circuits. These advantages
film transmission lines and small via holes. This increases thave been exploited for microwave multilayer interconnect
packing density within the MCM and decreases the parasitRchnology and miniaturized MMIC's [1], [4], [5].
reactances Compared to conventional circuits. Standard minOStrip has been fU”y Characterized, both ex-
Except for a difference in scale, thin film microstrip (TFMSyerimentally [6]-[9] and theoretically [10], yielding accurate
appears to be similar to conventional microstrip, but its electflesign equations to predict the characteristic impedance and
cal characteristics are very different. TEMS uses thin dielectihase velocity [11]-[13]. In addition, closed form equations
layers deposited on top of a ground plane which has betehpredict the dielectric and conductor losses of conventional
deposited onto a carrier substrate such as GaAs, Si, or AlumfRigrostrip have been presented [14]-[18]. For TFMS, mea-
as shown in Fig. 1. By definition, the dielectric layers argéured attenuation has been presented for several geometries
thin with the substrate heighf/, of TFMS between 1 and 25 UP to 25 GHz [2], [5] with practically no measured dispersion
pm, compared to conventional microstrip substrate thicknesgggults available. Although not specifically derived for TFMS,
between 100 and 50pm. Although, in principal, any good Several papers have presented closed form equations to predict
insulator could be used for the dielectric |ayer5, typ|ca||v1e conductor loss of micrOStrip lines with thin metal StripS
polyimide [1], [2], BCB [3], or SiON [4], [5] is used becausel3], [19]-{21].
of compatibility with monolithic microwave integrated circuit This paper presents for the first time a comprehensive ex-
perimental characterization of TFMS fabricated on polyimide
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spectrum is determined. In addition, a comparison of the 100 . ‘ . ‘ ‘ , R
measured attenuation and effective dielectric constamt,
to the values predicted by design equations is presented to 80 -
establish the best design equations for TFMS and the error  ~
that can be expected in using each of the design equations. E 60
)
o 40 H=
Il. EXPERIMENT N é“é
20 4.35
For the characterization of TFMS, four sets of test struc- 2.45
tures, each with a different polyimide thickness, were fab- 0 o
ricated in parallel. Each set of test structures contains TFMS 0 5 10 15 20 25 30 35 40
lines of seven different strip widths. A ground plane consisting W (micron)

of a 200A Ti adhesion layer and 2.bm of Au was evaporated
onto a standard 4—1Q-cm Si wafer which served as a carrier.':i9~ 2. Calculated characteristic impedance of TFMS lines.
Since the ground plane isolates the microstrip from the Si,

any flat material could have been used as a carrier. Thifted TFMS. The advantage of this measurement method is
was followed by spinning on Dupont adhesion promoter anflat it extracts the attenuation and effective dielectric constant
Dupont PI-2611 polyimide which has a permittivity of 3.1Zrom the measured differences in the S-parameters between the
[22] measured at 1 MHz and a loss tangent of 0.002 [23HRU and DELAY lines at the same time that the system is
measured at 1 kHz. The spin speed was varied between 5@@fiprated which minimizes the number of probe contacts and
and 2000 rpm to yield polyimide thicknesses between 2.48e resulting errors. In addition, since all five lines are used at
and 7.4um in a single layer. After drying the polyimide, it each frequency point in a weighted average, the measured line
was cured at 350C for 60 min in anN, atmosphere. Next, characteristics are more accurate than if a single measurement
spin on glass (Allied 512) was applied over the polyimide t@ ysed. To further improve the accuracy of the measurements,
serve as a mask for the 20@', in O, reactive ion etching the probe pads are designed to assure probe placement re-
of the via holes. Finally, a lift off process was used to fill th@eatability to within+15 um, although it was determined that
via holes and deflne the probe pads and microstrip lines dNprobe placement repeatability af5 ;m is accomplished.
a single step; 20G of Ti and 1.3 m of Au is used. After Assuming the worst case error #fL5 um in probe placement,
fabrication, a DEKTAK surface profile was used to measuifie associated error in attenuation and phase at 110 GHz is
the polyimide and metal strip thickness. Both, the DEKTAKypproximately 0.025 dB andf respectively. Finally, each set
and SEM analysis show that the surface roughness is l@Wdata reported in this paper is an average of at least three
enough that it can be neglected in the analysis. measurements made at different points across the wafer to
The microwave characterization of the TFMS is performegduce the effects of processing variations across the wafer
over the frequency range of 1-40, 50-75, and 75-110 GHg&d to minimize random errors. The typical error between

using an HP 8510C vector network analyzer (VNA) and tWghese three measurements over the 1-40 GHz band is 4%.
sets of millimeter-wave test modules. A total of 403 frequency

points is measured over the 1-110 GHz. The separation of
the frequency band into sub-bands is required because of
limitations with the HP8510C. In addition to lengthening TFMS lines were characterized for polyimide thicknesses of
the measurement time, this introduces discontinuities in tBe45, 4.35, 5.90, and 7.40m and line widths of 5.0, 7.1, 9.5,
data at 40/50 and 75 GHz due to differences in the tek2.5, 16.4, 21.7, and 34/4m. Employing standard microstrip
modules. Transitions from the 2.4 mm coax and the rectangutkesign equations [11], these geometries result in characteristic
waveguide test ports of the 1-40 GHz HP 8510C and tlmmpedances in the range of 12—-89as shown in Fig. 2.
millimeter-wave modules respectively to the TFMS is made The measured attenuation and effective dielectric constant
via GGB Industry microwave probes with a 1%0n pitch. for each set of TFMS lines is shown in Figs. 3 and 4, respec-
The probe pads are the same for all of the TFMS circuits; théyely. At 40 and 75 GHz, discontinuities in the data resulted
are comprised of a linear taper to transition the center conté@m the need to reconfigure the network analyzer to cover
to the desired TFMS width and a pair of via holes on eithelifferent waveguide bands. It is first noted that TFMS is a lossy
side of the center conductor to permit the two outer prolieansmission line compared to conventional microstrip lines
contacts to make electrical connections to the TEFMS ground 100;:m thick GaAs with a metal strip thickness of;3n
plane. Temperature of the laboratory during the measuremeis For the 2.45:m thick polyimide TFMS, the attenuation
is 20 °C. is approximately a factor of ten higher than microstrip lines
To extract the attenuation and effective dielectric constantof GaAs with the same characteristic impedance, and the
the TEMS, a thru-reflect-line (TRL) calibration routine, MUL-attenuation of TFMS with 7.4m thick polyimide is a factor of
TICAL by NIST, [24] is used with the calibration standardgour higher. The variation in attenuation with strip widf,
being the TFMS lines. Each set of standards consists offa a specific polyimide thickness is less tha&0.5 dB at 40
THRU line of 5000m length, four DELAY lines of 6800, GHz indicating that a wide range of characteristic impedances
7400, 9800, and 15 000m length, and an open circuit termi-can be achieved without a large penalty in loss.

I1l. M EASURED PROPAGATION CHARACTERISTICS
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Fig. 3. Measured attenuation of TFMS lines with polyimide thickness of (a) 2m5 (b) 4.35um, (c) 5.90um, and (d) 7.4Qum.

The different loss mechanisms of the TFMS can be quan-The conductor loss terma, and the dielectric loss tern,
tified by separating the attenuation into its conductor arate determined by a least squares fit to the measured data for
dielectric loss components. Conductor loss for thick metahch line. Fig. 5 shows the conductor loss term for each line.
strips and ground planes/§ > 1 where$§ =1//mpu,of Itis seen that the conductor loss decreases as the polyimide
is the skin depth and is the conductivity of the metal, is thickness increases and as the line width increases, and the
proportional to the square root of frequency [17]. Dielectriflecrease in attenuation with increasing line width saturates
loss in polyimide is dominated by the polarization currerffr wide lines. It is also found that for low frequency € 5

which results in a dielectric attenuation of GHz) the attenuation does not fit the square root of frequency
273 €. e —1 _ dependence. A modified skin depth has been proposed by
g = e | ftand (dBfunitlength (1) Hiraoka [5]
wherec is the velocity of light,e = ¢ — j¢’ is the complex § =6(1—c7"?) 3)

HY !/ / H _ 1 /
ipse:?elttll\gg’ tegn_er:t/ eaor’lg Isis}htiefri?flejig\fgmagrémgtiveit/ eof that extends the skin depth to the frequency range whéres
gent, © P y not large. By expanding the exponential term, it can be shown

the m|c_rostr||p Ilfne at zero frqu;]ency [17] 'I(;hua IS Im_earlyh mEté’ varies betweenandé as the frequency increases. Thus,
proportional to frequency and the measured attenuation sho power of the frequency dependence of the conductor loss

be fit by _ _ _ increases from 0-0.5 as the frequency increases. Although not
mseruqn loss in dB: a\/f +bf. ) predicted by the modified skin depth, the inflection point where
unit length the measured attenuation changes to a square root dependence

Because the polyimide is thin, radiation loss is neglected in (23.found to be dependent on the line width.
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Measured effective dielectric constant of TFMS lines with polyimide thickness of (a)u24%b) 4.35um, (c) 5.90xm, and (d) 7.4Qum.

constant (Note: Instead of using the zero frequency dielectric
constant, the lowest measured permittivity value was used.
This will be discussed further below). The average loss tangent
from all 28 sets of TFMS lines is found to be 0.006. This value

is higher than the published value of 0.002 at 1 kHz [23]

which is expected since the loss tangent typically increases
with frequency. Also, the measured loss tangent of the PI-2611
polyimide found here is in the same range as that measured for
other low dielectric constant materials [3]. Unfortunately, there

is substantial error in the determination of the loss tangent
using this method that results in a large spread in the results.
Some of the uncertainties arise from: the correct frequency
dependence of the conductor loss at low frequency is not

Fig. 5. Conductor loss terny, for TFMS deembedded from measuredaccounted for in (2); the dielectric loss is very low compared

attenuation.

to the conductor loss; determinationf is difficult for lossy
transmission lines; and the dielectric loss is more dependent on

After the dielectric loss termj, is determined, the loss the uniformity and quality of the polyimide across the wafer.
tangent of the polyimide over the microwave spectrum canThe measured effective dielectric constant shown in Fig. 4
be determined from (1) and the measured effective dielectias a strong slow wave effect which is due to the high
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TABLE |
AVERAGE OF |meas(f) — @calc(f)| IN dB/cm Across THEFREQUENCY BanD oF 1-110
GHz For THE CLOSED FORM EQuATIONS FRoM [5], [14], [15], [17]-[19], [21], AND [22]

H(pm) | Wem) [[14] [[8] [ [07 (9] [08 [RY [
2.45 5.0 1.29 3.79 1.37 4.88 1.65 1.51 3.49 1.74
2.45 7.1 1.54 2.48 1.65 5.11 1.07 1.80 3.32 2.00
2.45 9.5 2.00 1.92 2.12 5.75 0.92 2.26 3.56 2.49
2.45 12.5 2.06 1.19 2.19 6.10 0.47 2.26 3.44 2.56
2.45 16.4 2.40 0.86 2.52 6.78 0.33 2.52 3.65 291
2.45 21.7 2.50 0.39 2.61 7.16 0.16 2.55 3.64 3.03
2.45 34.4 2.91 0.20 3.00 7.10 0.29 2.90 3.88 3.45
4.35 5.0 0.16 2.46 0.26 1.95 0.59 0.47 1.37 0.28
4.35 7.1 0.20 1.47 0.40 1.92 0.32 0.18 1.20 0.42
4.35 9.5 0.37 0.92 0.25 2.07 0.16 0.31 1.20 0.62
4.35 12.5 0.44 0.45 0.36 2.22 0.18 0.43 1.16 0.69
4.35 16.4 0.53 0.13 0.48 2.47 0.37 0.54 1.18 0.79
4.35 21.7 0.66 0.22 0.63 2.84 0.48 0.67 1.29 0.95
4.35 344 0.67 0.69 0.66 3.27 0.86 0.63 1.27 0.96
5.90 5.0 0.44 2.02 0.52 1.16 0.32 0.14 0.77 0.24
5.90 7.1 0.58 0.88 0.76 0.80 0.32 0.37 0.34 0.33
5.90 9.5 0.38 0.41 0.78 0.87 0.37 0.46 0.35 0.29
5.90 12.5 0.22 0.23 0.29 1.13 0.37 0.27 0.46 0.18
5.90 16.4 0.15 0.21 0.19 1.26 0.52 0.17 0.48 0.26
5.90 21.7 0.10 0.49 0.13 1.40 0.75 0.11 0.43 0.20
5.90 344 0.11 0.85 0.10 1.78 1.00 0.10 0.46 0.25
7.40 5.0 0.13 2.27 0.17 1.25 0.62 0.34 0.99 0.21
7.40 7.1 0.26 1.16 0.37 0.83 0.16 0.15 0.51 0.24
7.40 9.5 0.23 0.61 0.43 0.75 0.12 0.17 0.36 0.17
7.40 12.5 0.20 0.27 0.50 0.80 0.25 0.26 0.34 0.25
7.40 16.4 0.22 0.22 0.22 0.87 0.38 0.20 0.33 0.32
7.40 21.7 0.16 0.34 0.21 0.95 0.58 0.19 0.27 0.23
7.40 344 0.14 0.65 0.17 1.24 0.78 0.16 0.31 0.22

average difference [ 075 099 [083 [267 [051 [079 [143 [094

conductor loss [25] resulting from the small ratio of metal To compare the measured attenuation to the attenuation
line thickness to skin deptf/é, at low frequencies. Over the predicted using closed form equations in [5], [14]-[21], the
reported frequency range, the variationeiy is as large as mean difference|cumeas(f) — ccarc(f)|, across the frequency
26% for the TFMS on the thinnest polyimide and 12% for theange of 1 to 110 GHz is calculated for each TFMS line

TFMS on the 7.4um thick polyimide. The large effect of the N

conductor loss oms.g; makes it impossible to dedueg. which Z|O‘ (fi) = cearc(f)]
is defined for a loss-less transmission line. Once the ratio of . gt reasie caield
t/é is sufficiently large, several factors cause TFMS to have mean difference = N (4)

very low dispersiong, is low, the conductor loss introduces . .
hereN = 403 is the number of frequency points. A summary

an opposite frequency dependence as the filling factor [1 i ) , ;
and the cutoff frequency of the surface wave modes is v these results are given in Table I. Also shown in Table | is

high because both H angl are small. It is also seen in Fig. 4the average mean difference for all of the TFMS geometries

that e, decreases as the polyimide thickness increases &hgracterized in this paper. As seen in Table |, the equations

the line width decreases. This last observation is in agreem&h{19] yield the best prediction for conductor loss with an
with the expected results for conventional microstrip [11]. @verage difference of 0.51 dB/cm for all of the geometries
over 1-110 GHz. Lee’s [19] equations compensate for the

thin metal yielding a better match at low frequency than those
IV. DESIGN EQUATIONS that do not [14]-[18]. For Lee’s equations, the average error,
An accurate prediction of the propagation characteristics [@f ,cas(f) — Gcalc(f)|/¥meas(f), across the 1-110 GHz band
the TFMS is required for designing circuits and interconnectiar the 28 different TFMS lines is between 3 and 21%.
and although many design equations have been reported foFor conventional microstrip with small losses, the effective
conventional microstrip, these have not been verified to permittivity increases from,.. to ¢,. as the frequency increases
reliable for TFMS design. Therefore, in this work, the reporteflom 0 to oo, but as shown in Fig. 4, this is not the case for
design equations are compared to the measured propagaliBMS. The internal inductance of the strip significantly lowers
characteristics of TFMS. For calculatingand ¢, based on the phase velocity which is interpreted as an increasggn
the closed form equations from the literatueg, and the Therefore, the equations used for loss-less microstrip are not
characteristic impedance for the loss-less case are derived fratiequate for predicting.g of TFMS and can lead to predicted
[11], e.s is derived from [12], andy is given in (1). values ofe.s that are too low by 18% whetyé < 1 and 5%
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too low at higher frequencies. If the internal inductance dues]
to the lossy strip is accounted for in the determination.gf 14]
an equation for the effective permittivity of the lossy line ié

found to be [25] [15]

E. O. Hammersted, “Equations for microstrip circuit design,”5ith
Euro. Microwave Conf. Dig.pp. 268-271, Sept. 1975.

Bhartia and BahlMillimeter Wave Engineering and ApplicationsNew
York: Wiley, 1984, pp. 276-286.

D. M. Pozar,Microwave Engineering. New York: Addison-Wesley,
1990, pp. 183-189.

L. NI [16] T. Leung and C. A. Balanis, “Attenuation distortion of transient signals
L _ NL CLiy/ et 5 in microstrip,” IEEE Trans. Microwave Theory Teclvol. MTT-36, pp.
€eff = Cef T T gZNL (5) 765-769, Apr. 1988.
C

[17]
where ¢y and i are the effective permittivity with and 14,
without loss respectively; is the velocity of light, andZ &

is the characteristic impedance of the TFMS assuming no lo&$)
The internal inductancd,;, is assumed to be small and can be
found using equations given by Lee [19]. Equation (5) predicts
the correct slow wave effect and reduces the error for lolf?]
frequencies to 9% and to 1% whepé >> 1.

R. E. Collin, Foundations for Microwave EngineeringNew York:
McGraw-Hill, 1992, pp. 153-164.

M. V. Schneider, “Microstrip lines for microwave integrated circuits,”
Bell Syst. Tech. Jpp. 1421-1444, May—June 1969.

H.-Y. Lee and T. Itoh, “Phenomenological loss equivalence method for
planar quasi-TEM transmission lines with a thin normal conductor or
superconductor,IEEE Trans. Microwave Theory Teghiol. MTT-37,

pp. 1904-1909, Dec. 1989.

C. L. Holloway and E. F. Kuester, “Closed-form expressions for the
current density on the ground plane of a microstrip line, with application
to ground plane loss,JTEEE Trans. Microwave Theory Techiol. 43,

pp. 1204-1207, May 1995.

, “Edge shape effects and quasiclosed form expressions for the
conductor loss of microstrip linesRadio Sci. vol. 29, pp. 539-559,

. ] . May—June 1994.
This paper has presented an in depth experimental characfg,‘r]- J. Leu, H-M. Ho, J. K. Lee, J. Kasthurirangan, C. N. Liao, and P. S. Ho,

ization of thin film microstrip lines on polyimide substrates.  “The evaluation of low dielectric constant materials for deep submicron

It has been shown that the conductor loss for the TEMS is interconnect applications,” iRroc. 6th Meet. Dupont Symp. Polyimides
h h he diel ic | It h | b f Microelectron, May 1-3, 1995.

much greater than the dielectric loss. It has also been foupd; py pont Company Pyralin LX data sheet.

that the loss tangent of the Du Pont PI-2611 polyimide i84] R. B. Marks, “A multiline method of network analyzer calibration,”

approximately 0.006 in the frequency range of 1-110 GHz. 'fgg'i Trans. Microwave Theory Teghvol. 39, pp. 1205-1215, July

By comparing measured propagation characteristics to deS'[gf»] R. E. Collin, Field Theory of Guided WavesNew York: IEEE Press,

equations for conventional microstrip, it has been shown that 1991, pp. 258.

equations for conventional microstrip can be used if the effects

of having a thin metal strip are accounted for, and in particular,

the equations given by Lee [19] give the best accuracy for

determiningc.

21
V. CONCLUSION [21]
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